We probe the merging channel of massive galaxies over the z= 0.3 − 1.3 redshift window by studying close pairs in a sample of 238 galaxies with stellar mass > ∼ 10 11 M ⊙ , from the SHARDS survey. SHARDS provides medium band photometry equivalent to low-resolution optical spectra (R∼50), allowing us to obtain extremely accurate photometric redshifts (median |∆z|/(1 + z) ∼ 0.55%) and to improve the constraints on the age distribution of the stellar populations. Our dataset is volume-limited, probing merger progenitors with mass ratios 1:100 (µ ≡ M sat /M cen = 0.01) out to z=1.3. A strong correlation is found between the age difference of host and companion galaxy and stellar mass ratio, from negligible age differences in major mergers to age differences ∼4 Gyr for 1:100 minor mergers. However, this correlation is simply a reflection of the mass-age trend in the general population. The dominant contributor to the growth of massive galaxies corresponds to mass ratios µ > ∼ 0.3, followed by a decrease in the fractional mass growth rate linearly proportional to log µ, at least down to µ ∼ 0.01, suggesting a decreasing role of mergers involving lowmass companions, especially if dynamical friction timescales are taken into account. A simple model results in an upper limit for the average mass growth rate of massive galaxies of (∆M/M )/∆t ∼ 0.08 ± 0.02 Gyr −1 , over the z < ∼ 1 range, with a ∼ 70% fractional contribution from (major) mergers with µ > ∼ 0.3. The majority of the stellar mass contributed by mergers does not introduce significantly younger populations, in agreement with the small radial age gradients observed in present-day early-type galaxies.
INTRODUCTION
One of the possible scenarios for the formation and evolution of the quiescent massive galaxies at low-redshift posits that after forming the core of their structures in an early dissipative event at high redshift (z > ∼ 2), these galaxies continue growing in mass and size due to a continuous infall of material (see, e.g., Naab et al. 2009 ). In this picture, the main channel of growth is provided by mergers with companion galaxies having a mass ratio 1:5 (Oser et al. 2012) . The homogeneous age distribution of massive galaxies out ⋆ Email: i.ferreras@ucl.ac.uk to z∼1 (Ferreras et al. 2005 (Ferreras et al. , 2009a reveals that these mergers must be relatively gas poor, without any significant star formation Trujillo et al. 2011) . Numerical simulations suggest that the stellar content of this accreted material should be mainly deposited in the outer regions of the massive galaxy, with ages around 2.5 Gyr older than the component formed in-situ (Lackner et al. 2012) . Observational evidence of minor merger progenitors -loosely defined as those where the stellar mass ratio between host and companion is lower than 1:4 -is found in various systems, including stellar streams in the Milky Way (e.g., Bell et al. 2008) , and the presence of residual star formation in nearby early-type galaxies (Kaviraj et al. 2007 ). Although several pieces of observational evidence favour the above depicted scenario, the role of minor mergers on the growth of massive galaxies is still poorly constrained.
In the z∼0 Universe, the aftermath of merging activity can be assessed via ultra-deep photometry and spectroscopy, probing the radial gradients of the properties of stellar populations (see, e.g., Sánchez-Blázquez et al. 2007 ). However, the interpretation is hard because of the challenging observations, the difficulty in circumventing the age-metallicity degeneracy inherent in old stellar populations, and the added complication of the presence of a halo of old, metal-poor stars at galactocentric distances R > ∼ 4 − 8Re (La Barbera et al. 2012) . In fact, detailed surface brightness analyses of nearby massive early-type galaxies reveal a complex structure, where at least three components can be discerned: a compact core; an intermediate region, and an outer halo (Huang et al. 2013; Montes et al. 2014) . Separating these components in nearby systems to derive the assembly history poses a serious challenge. Alternatively, it is possible to explore at high redshift the stellar population properties of close pairs of galaxies involving a massive galaxy (host) and a satellite (companion) that will eventually collapse into the main body. This is the approach followed in this paper. In contrast with studies where the selection of merger progenitors is based on morphological features (see, e.g., Conselice 2006; Lotz et al. 2011; Bluck et al. 2012 ), our selection is based on targeting pairs of galaxies with a small projected separation and located at the same redshift, a more conservative approach (see, e.g. Patton et al. 2000; Rogers et al. 2009; Lin et al. 2010; López-Sanjuan et al. 2011) , however, requiring accurate redshift estimates. In Mármol-Queraltó et al. (2012 , a sample of massive galaxies out to z < ∼ 2 was studied, finding a constant fraction (∼30%) of massive galaxies with one, or more, satellites and younger stellar populations in the satellites with respect to the centrals. However, this sample was limited by the uncertainties in the photometric redshift estimates based on broadband photometry -at the level of |∆z|/(1 + z) = 5%. This paper extends this work in two ways: Firstly by the use of improved photometric data that allows for photometric redshifts that are an order of magnitude more accurate. Secondly, the data provides low-resolution photo-spectra, resulting in better constraints on the age of the underlying stellar populations of host and companion in merger progenitors.
The Survey for High-z Absorption Red and Dead Sources (hereafter SHARDS, Pérez-González et al. 2013 ) comprises ultradeep optical spectro-photometric observations acquired at the 10.4m Gran Telescopio Canarias (GTC) that provide an effective spectral resolution R = λ/∆λ ∼50, with a set of 24 medium band filters. This survey enables us to obtain accurate redshifts and to probe the underlying stellar populations. We use here the SHARDS data to define a sample of massive galaxies, with a robust characterization of nearby companions as merger progenitors, allowing us to constrain in detail the merging channel of massive galaxies since z∼1. This paper is structured as follows: In Section 2, we present the sample of massive galaxies and the selection of hostcompanion pairs, including a description of the methodology followed to obtain accurate photometric redshifts, and the derivation of stellar ages. Section 3 compares the distribution of the ages of the underlying stellar populations, followed by an estimate, in Sec. 4, of the contribution in mass of these satellites to the growth of massive galaxies. Finally, Sec. 5 gives an overview of our conclusions. Throughout this paper, a standard ΛCDM cosmology is adopted: Ωm = 0.3, ΩΛ = 0.7, H0 = 70 km s −1 Mpc −1 (or, equivalently, h70 = 1). Left: Comparison of photometric and spectroscopic redshifts for a subsample of 2792 galaxies with available spectroscopic data. The solid and dashed lines represent the 1:1 correspondence, and an uncertainty of 5%, respectively. Right: The accuracy in the photometric redshifts is shown as a function of the total apparent K-band magnitude, including the same 5% interval as a dashed line (typical of standard photometric redshifts with broadband photometry alone). The rightmost panel shows the distribution of the photometric redshift accuracy in SHARDS.
SAMPLE SELECTION

Datasets
SHARDS provides deep imaging (m<26.5 AB at the 3 σ level) in a number of contiguous, medium band filters towards the GOODS-N region, over a 130 arcmin 2 field of view, split into two pointings. The survey covers a 500-950 nm spectral range in 24 mediumband filters (FWHM=15 nm, except for the two reddest ones, with FWHM=30 nm). Tab. 1 gives an overview of the SHARDS filters used and the depth and seeing of the observations (see Pérez-González et al. 2013 , for details). The main science driver of the SHARDS survey is the characterization of the stellar populations of massive galaxies at z>1 by use of the MgUV spectral feature Daddi et al. 2005) . However, the data set also provides information of the age-sensitive region around the 4000Å break at moderate redshift (see Fig. 1 ). In Hernán-Caballero et al. (2013) the SHARDS data were used to analyze the D4000 index (see, e.g., Balogh et al. 1999 ) at z<1.1. In this paper we concentrate on the characterization of the close companions of massive galaxies using the medium band photometry to secure accurate photometric redshifts and to assess the age of the underlying stellar populations by way of spectral fitting at a low spectral resolution. We find that the optimal redshift range to extract stellar ages using the spectral window around the 4000Å break corresponds to 0.3 < ∼ z < ∼ 1.3, covering 5.3 Gyr of cosmic time. Within the adopted cosmology, this sample covers a total comoving volume of 2.24 × 10 5 h −3
70 Mpc 3 . In addition to the SHARDS data, we include the matched photometry from the IRAC-selected ([3.6µm]AB < 24) catalogue of Pérez-González et al. (2008b) sources, for which UV to IR fluxes are available. Photometry in all UV-to-NIR bands was performed in elliptical Kron (1980) apertures. The best aperture was obtained for each galaxy by averaging the values in the different bands, always imposing a minimum semi-major axis equal to the worst seeing in our dataset (1.1 arcsec). Fluxes for the IRAC bands were measured Table 1 . Characteristics of the SHARDS filter set and observations. CWL is the central wavelength (in nm) of the filter for an angle of incidence AOI=10.5 • (approximately that for the center of the FOV). The width of the filter is given as the FWHM of the response curve. m 3σ is the sensitivity limit, quoted at the 3 σ level (AB mag). The average seeing is given in the last columns. P1 and P2 represent the individual pointings of the SHARDS observations. within a 2 arcsec radius circular aperture, applying an aperture correction for isolated sources. For sources with companions closer than 2 arcsec (roughly the FWHM of the IRAC PSF), a deconvolution algorithm was applied, as explained in Barro et al. (2011) The ground-based NIR photometry, adopted from an update of the compilation of Pérez-González et al. (2008b) , is taken from the deep observations of GOODS-N at Subaru/MOIRCS (Ichikawa et al. 2007 ) and CFHT/WIRCam (Wang et al. 2010) , for which a 5σ detection limit of KAB < 24.5 is reached. In addition, we use the WFC3 NIR photometry in the Y (F105W), J (F125W) and H (F160W) bands from the CANDELS survey (HAB(5 σ) < 27, Grogin et al. 2011; Koekemoer et al. 2011 ).
Filter
SED Fitting: Photometric redshifts
Photometric redshifts were estimated with the EAZY software (Brammer et al. 2008) , using the templates tweaked for emissionline galaxies and medium-band photometry released in version 1.1. We fitted the available SEDs covering the wavelength range between the UV and the MIR, including the SHARDS data. The medium band filters enable us to obtain more accurate redshifts with respect to those based on broadband photometry. In Pérez-González et al. (2013), we discussed in detail a unique characteristic of our data: for observations using a given filter, the passband varies along the FOV of the GTC/OSIRIS instrument (resulting in a shift of the effective central wavelength, but keeping the shape constant). Hence, each galaxy in a SHARDS image "sees" a different passband. In order to take into account the variation of the central wavelength of the passband, a different execution of EAZY was carried out for each individual galaxy, setting the filter transmission files to the appropriate central wavelengths. This procedure was essential to derive accurate photometric redshifts. In fact, the estimates were a factor of 10 less precise when the shifts were not taken into account. A more detailed description of the method and results to estimate photometric redshifts will be presented in a future paper (Pérez-González et al. 2014, in preparation) . Given that this paper focuses on the study of massive galaxies and their companions at z < ∼ 1.3, we give photometric redshift quality figures only within this redshift range. Fig. 2 shows the accuracy of our photometric redshift catalogue, for a subsample of 2,792 galaxies with available spectroscopic redshifts from the literature (down to I ∼25, see, e.g., Cowie et al. 2004; Wirth et al. 2004; Cooper et al. 2012) . Over the 0.3<z<1.3 range covered in this paper, accurate photometric redshifts are obtained, largely due to the presence of the prominent 4000Å break within the spectral coverage of the medium-band filter (see Fig. 1 ). The left-hand panel of Fig. 2 compares spectroscopic versus photometric redshift, with the solid line tracking a 1:1 correspondence, and the dashed lines spanning a 5% uncertainty, typical of standard photometric redshifts involving broadband data (e.g. Pérez-González et al. 2008b ). The right-hand panel shows the photo-z accuracy with respect to total K-band magnitude, and the histogram with the narrow distribution. Note we use a logarithmic axis since the accuracy results in a highly peaked histogram on a linear scale. The dots represent individual galaxies, and the red crosses are binned estimates (at a fixed number of galaxies per bin), including the RMS within each bin as an error bar. The median of the distribution of |∆z|/(1 + z) is 0.55%, with a 1.6% fraction of catastrophic failures, using a very conservative definition, as those redshift estimates with an accuracy outside of 3× the RMS of the distribution. 
SED Fitting: Stellar population properties
We model the SED of the parent sample using stellar population synthesis models to determine their stellar properties, primarily stellar masses and ages. These are critical for the selection of the main sample of massive galaxies and to analyze the age differences between them and their close companions. Briefly, the method involves a comparison of the SHARDS medium-band photometry with a large volume of composite models derived from the stellar population synthesis library of Bruzual & Charlot (2003 ) -a Chabrier (2003 stellar initial mass function (IMF) is assumed throughout this paper. Although recent claims suggest a more bottom-heavy IMF in massive galaxies (see, e.g., Cenarro et al. 2003; van Dokkum & Conroy 2010; Ferreras et al. 2013) , its effect on the stellar M/L, and therefore on the stellar masses derived from the photometry, may not be as important, except for systems with very high velocity dispersion (La Läsker et al. 2013) .
Three sets of model grids are considered, comprising simple stellar populations (i.e. a single burst population); an exponentially decaying star formation history (τ model), or a constant star formation truncated after a timescale chosen as a free parameter. In addition to the continuum from the stellar population synthesis models, we include emission lines corresponding to a HII region (Aller 1984) . The weighting of the emission line spectrum is parameterised by the equivalent width of the [O II] line. We note that the nebular continuum is neglected here, since we are dealing with a general sample of galaxies, where luminosityweighted ages are always older than 0.1 Gyr. The contribution from the nebular continuum at those ages is expected to be negligible 70 kpc search radius. On the left, the observed data points (black circles) are compared with the best fit models (red lines). Each galaxy is labelled by its SHARDS ID, K AB apparent magnitude, best-fit stellar age, and either stellar mass (host) or mass ratio (companion). Table 2 . Parameters defining the model grids for the analysis of stellar ages, based on Bruzual & Charlot (2003) models, and dust extinction from Cardelli et al. (1989) .
Total Models 497,664
t U is the age of the Universe at the redshift of the galaxy under study. The arrows at the massive end correspond to the cosmic time spanned between the different redshift bins. (Anders & Fritze-von Alvensleben 2003) . The models are also subject to a Milky Way-type extinction, following the prescription of Cardelli et al. (1989) . The range of parameters used in the definition of the templates are summarised in Tab. 2. The library of nearly half a million templates is integrated with the response of all the available filters, including a number of wavelength offsets in steps of 50Å (smaller changes in central wavelength cause variations at a much lower level than the photometric uncertainties). These offsets are needed to take into account the variation of the central wavelength of the filter with respect to the position of the source on the field of view (see Pérez-González et al. 2013 , for details). For each galaxy, all models are run for the specific redshift and SHARDS filter offsets (which are unique for each galaxy and depend of the position of the image with respect to the optical axis), and compared with the observed fluxes measured in the SHARDS data. The comparison is used to derive a standard χ 2 statistic. A probability distribution function for the parameters is extracted from the χ 2 -derived likelihood -i.e. P ∝ exp(− 1 2 ∆χ 2 ). For the type of sampling explored in this paper -where the number of gridpoints has to be constrained -probability-weighted values give more robust estimations than the actual gridpoint where the highest value of the likelihood is reached. Hereafter, all best-fit parameters are quoted as probability-weighted quantities. We emphasize that although this method is fairly rigid in terms of the star formation histories allowed, it is much more robust than spectral fitting methods based on partial searches of parameter space, such as the Monte Carlo Markov Chain approach (see, e.g., Cid Fernandes et al. 2005 ). We performed 500 simulations of arbitrary star formation histories to check that our retrieved ages were consistent within the error bars with the input values. Hereafter, stellar age is weighted with respect to the star formation rate, ψ(t), namely:
where the integrals extend between the formation time, tFOR, and the age of the Universe at the redshift of the galaxy, tU (z). We note that the age difference between SSP, τ and constant SF models is rather small: the difference ∆ ≡ log(Age CST ) − log(Age SSP ) is ∆ = 0.14 ± 0.84 (1σ) for all galaxies, and ∆ = 0.07 ± 0.43 for massive galaxies. In the Appendix we elaborate on the comparison between the age estimates according to these models, confirming that the trends found do not depend on the parameterisation of the star formation histories. Hereafter, the quoted ages and stellar masses correspond to those derived from the τ models.
Sample Selection
Based on the best-fit stellar masses obtained from the modelling of the stellar populations, we define our sample of (host) massive galaxies as those systems with stellar mass Ms 10 11 M⊙. To determine the range of mass ratios between host and companion, we estimate the completeness level of the parent catalogue as a function of stellar mass. Fig. 3 shows the distribution of stellar mass over the redshift range under consideration (vertical dashed lines). To assess the completeness level, we compare our sample with synthetic models that have an apparent magnitude KAB = 25 (i.e. close to the limit of our sample). The dashed red line traces an old population formed at zFOR = 3, whereas the blue line corresponds to a 100 Myr age. We infer a very conservative completeness limit at a mass ratio of 1:20 if a wide range of stellar ages are considered. Due to the strong correlation between age and stellar mass found in galaxies over a wide redshift range (see, e.g., Pérez-González et al. 2008) , we also propose a more realistic limit of 1:100. The red dots are real data at the chosen limit of KAB = 25, illustrating the fact that most of these galaxies have young stellar ages.
Given the strong colour (i.e. star formation rate/age) bimodality as a function of stellar mass (i.e. red sequence vs. blue cloud, see, e.g., Bell et al. 2003; Baldry et al. 2004; Faber et al. 2007; Arnouts et al. 2007; Brammer et al. 2011) , we expect the low-mass companions to be young (blue) star-forming systems. To illustrate and quantify this point, Fig. 4 plots the distribution of stellar age against mass for the whole sample. The data are binned in four redshift intervals. The lines and shaded regions trace the median and RMS scatter, respectively. Note the strong age-mass correlation, and its evolution with redshift. The dashed lines overlay the mass-age relation from the highest redshift bin, with the vertical arrows extending over the difference in cosmic time between redshift bins. These arrows confirm that passive evolution is the main driver of the photometric properties of massive galaxies at z < ∼ 1. Fig. 4 shows that for systems that would correspond to merger progenitors with a mass ratio below 1:20 (i.e. concerning companions at the low-mass end of the sample), we should not expect old ( > ∼ 3 − 4 Gyr) populations in the companions. In fact, for redshifts above the median value of the sample (z>0.85), the fraction of Ms < 5 × 10 9 M⊙ galaxies with ages older than 3 Gyr (2 Gyr) is just 0.14% (0.90%). In Sec. 4 we explore the completeness of the sample in more detail.
We note that the present analysis is mainly geared towards the determination of stellar ages. The models give significantly more accurate error bars in age than metallicity: only six independent metallicities are used in the modelling, and the age range available, given the redshift distribution of the sample, allows for more accurate age constraints than with low-redshift systems. A typical example, SHARDS123624.42+621454.1 (z=0.639) is presented in Fig. 5 . The colour image is a 30 ′′ × 30 ′′ RGB composite combining the F606W, F775W and F850LP passbands from the HST/ACS GOODS-N images 1 . The red circle extends over a projected radius of 100h −1 70 kpc. The central system is a 2.9 × 10 11 M⊙ spheroidal galaxy, surrounded by two close companions. The low-resolution SHARDS spectral energy distribution of host and companions is shown on the left, along with (1 σ) error bars. The model best fit is given for each galaxy as a red shading. The best fit ages are also included in each diagram.
Final Clean-up
The preliminary set of 285 massive galaxies is visually inspected, using the publicly available HST/ACS images. The objects are classified as "unresolved" (i.e. PSF-like); spheroidal (including both E and S0 morphologies); disc; irregular/merger and artefacts in the selection (usually spurious detections next to a bright star). The artefacts were removed from the catalogue, and the borderlineunresolved sources were inspected in more detail, removing those that are stars. By comparing the best fits from stellar population synthesis (see sect. 2.3) with a QSO template (Vanden Berk et al. 2009 ) or a set of stellar spectra (Pickles 1998); we found that all "unresolved" objects brighter than KAB < 17.5 (8 found in our sample) were better fit by a QSO spectrum, and, therefore, removed from the final catalogue. The final set comprises 238 massive galaxies: 48% are spheroidal/unresolved; 45% are disk-like; 7% have a merger/irregular morphology. The sample of massive galaxies has 224 systems with an available spectroscopic redshift, allowing us to asses for this subsample an accuracy of |∆z|/(1 + z) = 0.46% (median), when using photometric redshifts.
1 http://archive.stsci.edu/prepds/goods/
SELECTION OF HOST-COMPANION PAIRS
For each of the 238 massive galaxies, we define merger progenitors as those with a nearby satellite. In this paper, a galaxy is considered a close companion if it is located at a projected distance ∆r ⊥ 100h −1 70 kpc, with a redshift difference |∆z| 0.011 × (1 + z), i.e. within the 2 σ uncertainty of the photometric redshift estimates. We decided to extend the interval in redshift to 2 σ because of the high accuracy of the photometric redshifts, in constrast with previous works. We note that 38% of the companions have a spectroscopic redshift, from which we derive a photometric redshift accuracy of |∆z|/(1 + z) = 0.75% (median). In order to assess the contamination from foreground/background sources because of the use of photometric redshifts, we follow the methodology laid out in Mármol-Queraltó et al. (2012) (see their § §3.1). In a nutshell, a Monte Carlo method is applied, where mock catalogues are generated by randomly placing massive galaxies within the survey volume, keeping the same redshift distribution as the original catalogue. The fraction of companions is computed for each mock sample. We find that the Monte Carlo runs give convergent fractions within the error bars after 1000 realizations. The fraction of simulated galaxy pairs is defined as S simul . We can use this distribution to correct for the effect of contaminants in the true sample (see Mármol-Queraltó et al. 2012 , for details). If F obs is the observed fraction of close companions, the corrected one (Fsat) is:
Tab. 3 shows the fraction of massive (log Ms/M⊙ > 11) galaxies with nearby satellites, for three different choices of the stellar mass ratio between companion and host, µ ≡ Mcomp/M host . We include in the table the results corresponding to the Monte Carlo simulations to account for spurious pairs. Note that this correction stays at the level of ∼5% for pairs with µ 0.1 and ∼20% for µ 0.01. The 68% (1σ equivalent) error bars are derived from a binomial distribution, following the favoured beta distribution generator presented in Cameron (2011) . In addition, we need to take into account the effect of clustering. We perform a similar estimate of the frac- Figure 7 . Left: Age difference between host (red circles) and companion galaxies (blue crosses) for the exponentially decaying (τ ) models. The centrals are split with respect to visual morphology (solid circles for E/S0; open circles for disc/irregular). The top panels show the individual ages, the bottom panels show the age difference between them. The sample is split at the median value of the redshift distribution. Right: Rejuvenation of the central galaxy assuming the close companion eventually merges with it. The age difference, ∆t ≡Age(After Merger)−Age(Before Merger), is weighted with respect to the stellar mass content (top) or the rest-frame B-band luminosity (bottom). The sample is split with respect to redshift at the median of the distribution.
tion of companions, as described above, for a set of annuli from 100h
70 kpc -which is the fiducial maximum distance chosen in the paper for the selection of pairs -out to 500h −1 70 kpc, at fixed solid angle per annulus, equivalent to the search area. Measurements in the field would yield no significant variation in the number of galaxy pairs over this range, whereas a highly clustered environment would display a monotonic decrease of the number of satellites with increasing radius. We define the environment-corrected value of Fsat as the one corresponding to 500h 70 kpc. These results are quoted under the column named S clust in Tab 3. The last column (F sat,clust ) gives the final result of our environment-corrected fraction of satellites, taking into account the effect of clustering. Note the increase in the clustering fraction around z∼ 0.8 − 0.9, where a structure is evident in the redshift distribution of the sources towards the GOODS-N region. The final fraction of satellites is found not to depend on redshift within the range covered, with Fsat,corr = 0.19 ± 0.08 (1:10) and 0.31 ± 0.08 (1:100). This trend is in good agreement with Mármol-Queraltó et al. (2012) . Figure 6 shows a comparison of our results with recent estimates of the merger fraction of massive galaxies from the literature. All merger fractions correspond to the same search criterion in projected distance, namely ∆r ⊥ 100h −1 70 kpc. In those estimates where the search radius was smaller (typically 20-30 kpc) , a scaling factor was included, according to how much the fraction changes in our sample between these two choices. This correction is compatible with the variations observed by López-Sanjuan et al. (2011) . Note that for major mergers (top), the increase at high redshift is mainly evident from the larger sample of close pairs in COSMOS (López-Sanjuan et al. 2012) , and the high redshift sample of Bluck et al. (2012) . Our sample constrains best the evolution of the minor merger (µ > 0.01) fraction, which, in combination with the SDSS data (Ruiz et al., in preparation) , suggests no redshift evolution in the fraction of 1:100 minor mergers out to z < ∼ 1.3. Regarding the morphology of massive galaxies with satellites, we find a similar distribution as with respect to the parent sample of massive galaxies: 49% of the massive galaxies with satellites have an early-type morphology. In contrast, massive galaxies with a late-type morphology account for 39% of the sample of systems with satellites, and irregulars constitute the remaining 12%.
Border Effects
In order to assess the effects of the edges of the SHARDS footprint, we consider the number of sources within an aperture with radius R=120 arcsec centered in each of the massive galaxies selected in our sample. This choice represents the worst case scenario: a 500h −1 70 kpc aperture extends over an angle between 60 and 112 arcsec for the redshift range probed by our sample. We compare the number of SHARDS-detected sources, irrespective of redshift, between the massive galaxy under consideration, and the average obtained from 500 random positions within a region always inside the SHARDS footprint (see Fig. 2 of Pérez-González et al. 2013) . Only for 9 out of the 238 massive galaxies ( < ∼ 4%) a correction is needed at the level of ∼ 8 ± 6%. For the fiducial ∆r ⊥ = 100h −1 70 kpc chosen to define nearby satellites, border effects are negligible, with none of the massive galaxies requiring a correction.
THE AGES OF THE PROGENITOR MERGERS WITH MASSIVE GALAXIES
The top panels of Fig. 7 (left) show the ages of host (red circles) and companions (blue crosses) against the stellar mass ratio. The sample is split with respect to redshift. The hosts with a spheroidal morphology are shown as solid circles, and disc or irregular morphologies are shown as open circles. Characteristic error bars for the stellar age are given on the top-right panel for reference. The bottom panel shows this result as an age difference between host and companion, with the symbol notation representing morphology as in the top panels. There is a subtle, but noticeable difference in the ages of the host galaxies with respect to morphology. Notice the strong trend between age difference and mass ratio. Minor mergers -below 1:10 -have an age difference larger than ∼1 Gyr, except for a few pairs. This trend is consistent with the findings of Mármol-Queraltó et al. (2013), although we note that in the present study we have a higher constraining power on stellar ages from the use of the SHARDS photo-spectra. Fig 3 showed that a population of very old and low-mass galaxies could affect the completeness level of the sample, and thus the conclusions drawn here. To test this issue further, we compared the age difference between host and companion (Fig. 7, left) , with respect to the apparent magnitude of the satellite galaxy. No significant excess of old satellites is found as we probe fainter fluxes. For instance, taking ∆Age< 1 Gyr to define the fraction of systems with older satellites, we find 36% of pairs with older satellites over the KAB = 22 − 23.5 range, and 16% at KAB = 23.5 − 25. If a bias were present, we would have expected an increase of the fraction of older companions towards fainter fluxes. Therefore, no such bias is expected in the derivation of the age difference down to mass ratios µ ∼ 0.01.
Is the trend between age difference and mass ratio of Fig. 7 a trivial extension of the strong correlation between mass and age? (see Fig. 4 ). We explore this issue by using the rank of the age of the satellite galaxies: for a given pair, we compare the age of the satellite with the distribution of stellar ages of galaxies with similar stellar mass and redshift. The rank of the chosen satellite within this distribution tells us whether it is significantly older/younger than similar types of galaxies. The average rank is 59 ± 28% without any significant variation with respect to redshift or mass ratio, confirming that the observed age difference is the expected one from the mass-age correlation of Fig 4. In other words, the ages of our satellites do not have any systematic variations caused by (or related to) their being in close proximity to a more massive galaxy. Fig. 7 (right) shows the amount of rejuvenation of the central -if the satellite is assumed to eventually merge with it -weighted with respect to stellar mass (top) or rest-frame B-band luminosity (bottom). The rejuvenation age is defined here as:
where tCEN, tSAT are the stellar ages of central and satellite galaxy, respectively, derived from the analysis, and wCEN, wSAT are the weights chosen. A more physically motivated weight is the stellar mass (wi = Ms,i, top panels of Fig. 7, right) . We also give the luminosity-weighted values, estimated in the rest-frame B-band, i.e. wi = LB,i (bottom panels). The sample is split at the median redshift. The figure shows that the effect of these mergers is relatively unimportant for the merged system, with age differences below ∼ 1 Gyr in the majority of the close pairs, even when weighted with respect to luminosity. This result is consistent with the overall old stellar populations found in nearby massive galaxies (see, e.g., Thomas et al. 2005; de la Rosa et al. 2011 ). Finally, we explore the impact of environment in our results. We define N500 as the number of galaxies with Ms 5 × 10 9 M⊙ at a projected distance ∆r ⊥ 500h −1 70 kpc of a chosen host galaxy, within the accuracy of the photometric redshift (at the 2 σ level) Figure 8 . Effect of environment density on the age difference between central and satellite galaxy. Each point corresponds to a massive galaxy from the sample of close pairs. Density is defined for each one as the number of galaxies with stellar mass Ms 5 × 10 9 M ⊙ , located within a projected distance of ∆r ⊥ 500h −1 70 kpc inside the redshift accuracy interval. The sample is split at the median value (N 500 = 8) into high (solid red) and low-density (open blue) regions. For reference, the red solid (blue dashed) line traces the least squares linear fit to galaxies in high-(low-) density regions.
|∆z|/(1 + z) 0.011. The choice of stellar mass is justified by the completeness level of the SHARDS sample within our redshift range for a large range of stellar populations (see Fig. 3 ). In our sample, the distribution suggests N500 = 8 as the value that separates between low and high density. Fig. 8 shows the central/satellite age difference with respect to mass ratio, splitting the sample according to galaxy density (those in high density regions are shown as filled circles). No significant segregation is found.
MASS GROWTH FROM z∼1
The sample presented here can be used to quantify the dominant growth channel of massive galaxies from z∼1. Numerical simulations of structure formation reveal an excess of satellite galaxies (Quilis & Trujillo 2012) , with the preferred growth in mergers with a mass ratio around 1:5 (Oser et al. 2012) . Fig. 9 (left) quantifies the contribution to the growth of massive galaxies as a function of the mass ratio between the satellite and the central galaxy (µ). The histograms with error bars show the fractional contribution of the total mass of the satellites, within each bin in µ, to the total stellar mass in centrals. If we assume that all satellite galaxies will be accreted into their centrals by redshift zero, the histogram gives a probability distribution function, P(µ), for the merger growth channel with respect to satellite/central mass ratio, within the redshift range covered (i.e. ∆z = 0.3 − 1.3). This interpretation is applicable when the mass growth rate is relatively constant over this period, a point that is justified below. However, for major mergers such an assumption may break down, given the evolution with redshift claimed by some authors (see, e.g., López-Sanjuan et al. 2012) .
From left to right, the panels of Fig. 9 (left) refer to the total sample, early-and late-type central galaxies, respectively. Poisson error bars are included. The top panels are log-log plots focusing on the behaviour at the low-mass end, revealing an extended power law. The bottom panels of Fig. 9 (left) plot the same histogram with linear-log axes, to show in more detail the region around the peak of the histograms. In order to assess the systematics regarding the selection of spurious pairs, we ran a Monte Carlo simulation where 1000 realizations were made with the positions of the Histogram of the integrated mass fraction contributing to the growth of galaxies as a function of their mass ratio. Along with the complete data set (left), The sample is also segregated with respect to the morphology of the central galaxy (early-type galaxies, middle; and late-type galaxies, right), following the same classification criterion as in Fig. 7 . The solid line histograms with error bars correspond to the final values, after applying a correction from the expected background contamination (histograms without error bars). For reference, the uncorrected results are shown as dotted lines. The vertical dashed line marks the conservative 1:20 limit of our sample, and the shaded region marks a more realistic 1:100 limit if we consider that low-mass galaxies are dominated by young stellar populations. For ease of the analysis of the tail and the peak of the distribution, we show log-log plots (top) and log-linear plots (bottom), respectively. The orange line in the top-left panel is not a fit to the data. It corresponds to a linear increase in the mass fraction (i.e. P (µ) ∝ µ). (Right): The distribution is split in several redshift bins. The insets show as a shaded region the redshift range considered in each case. The sample is split in three bins at equal number of massive galaxies per bin. The last panel (bottom-right) shows the full sample, but excluding the redshift range ∆z = 0.8 − 1.0, where an overdensity is evident. The orange lines illustrate the ansatz P (µ) ∝ µ. In the low redshift panel, the z=0 blue dashed histogram corresponds to the analysis of massive galaxies from the SDSS of Ruiz et al. (2014). massive galaxies being moved randomly within the SHARDS footprint. The histograms without error bars correspond to the average of these simulations. The uncorrected histograms, for reference, are also shown with dotted lines. Notice that there is a clear preference towards mass ratios µ > ∼ 0.3, with a subdominant -although measurable -contribution from minor mergers, that follows a linear scaling with log µ (orange line in the top-left panel). The simulations give a different relative contribution with respect to µ, confirming that the observed trend is not a spurious signal from the background distribution of sources. We should emphasize here that the histograms of Fig. 9 are valid on a relative sense, i.e. with respect to the different stellar mass ratios, with the assumption that the observed sample provides a faithful representation of massive galaxies over the z < ∼ 1 range.
Given that the sample only extends over a relatively small area (130 arcmin 2 ), we explore the effect of cosmic variance by slicing the catalogue in three redshift bins with equal number of massive galaxies per bin (Fig. 9, right ). An additional panel (bottom-right) also shows the effect of removing from the sample those galaxies within the overdensity at z ∼ 0.8. In all cases there is a clear preponderance of major mergers, in agreement with the trend shown in Fig. 9 (left) . We also estimate the uncertainties from cosmic variance following the prescription of López-Sanjuan et al. (2014, equation 27) , which depends on the volume probed, the number density of host galaxies, and the ratio of the number density of host (i.e. massive) galaxies and those sources from which the companion galaxies are extracted (i.e. the general population of SHARDS galaxies). In this case, fluctuations in the pair fraction of order ±15% could be expected from cosmic variance. Such variations are unlikely to change qualitatively our conclusions. The orange lines in Fig. 9 (right) -corresponding to the ansatz P (µ) ∝ µ -are fully consistent with our results. For reference, the recent work of Ruiz et al. (2014) based on a large sample of z∼0 massive elliptical galaxies from the Sloan Digital Sky Survey is shown in the top-left panel as a dashed blue histogram. Note the significant deficit at z∼0 in the contribution from major mergers. Since the SDSS sample only includes elliptical galaxies, this evolution in the contribution from major mergers is expected to be even more significant for the general population of massive galaxies (Ruiz et al., in preparation) .
We derive a simple estimate for the mass growth of massive galaxies over the redshifts probed, by calculating the ratio between the stellar mass in satellites and centrals, within an interval ∆t = 2 Gyr, roughly corresponding to an average merger timescale (see, e.g., Kitzbichler & White 2008) . This is meant to be a rough estimate that assumes a constant inflow of satellites with time, as supported by the mild evolution in the fraction of close pairs out to z=1.3 (Tab. 3). Fig. 10 (top) shows the result for the complete sample (red crosses) and the subsample involving only major mergers (µ > 0.3, grey open circles). The measurements include Poisson error bars. Within uncertainties, the mass growth does not change significantly with redshift, with a value around τ −1 ≡ (∆M/M )/∆t ∼ 0.08 ± 0.02 Gyr −1 . We note that when segregating the sample based on our visual morphological classification of early-and late-type galaxies, no significant difference is found in their respective mass growth rate. Such a rate would imply a cumulative increase in the stellar mass between z=1 and z=0 of Mz=0 Mz=1 = e (t z=0 −t z=1 )/τ ∼ 1.9 ± 0.3
For reference, the estimate of van Dokkum et al. (2010) , ∆ log M/∆z = −0.15, extended out to z=1 gives a mass growth in massive galaxies of a factor ≈ 1.4. We note this result is based on a different approach, namely a comparison of the mass budget at low and high redshift. Our results are also consistent with the Mz=0/Mz=1 = 1.3 mass growth factor in the COSMOS field (López-Sanjuan et al. 2012 ), if we take into account that this estimate extends only to µ > 0.1 mergers, selecting close pairs out to ∆r ⊥ < 30h −1 kpc. In the following, we consider a more realistic estimate of mass growth, by taking into account the merger timescales of close pair systems, which mainly depend on the pair separation and the mass ratio. In Kitzbichler & White (2008) simulated close pairs from the Millennium database were used to derive an estimate of merging timescales, given as a function of pair separation, stellar mass of the central galaxy and redshift. More recently, Jiang et al. (2014) revisited these estimates and proposed an expression that uses the virial masses -given that dynamical friction should be dependent on these -and extend their analysis to lower mass ratios, with an expression where the merging timescale depends linearly on this ratio. Fig. 10 (bottom) assumes a merger timescale following the Eq. 7 in Jiang et al. (2014) , using the parameterisation of Moster et al. (2010) to convert stellar masses into virial masses, as a function of redshift. Note that no large differences are apparent, within error bars, with respect to the assumption of instantaneous merging (Fig. 10, top) , because most of the contribution to the mass growth is in major mergers, for which the merging timescales are short. There is a noticeable trend of a diminishing role of major mergers at lower redshift. The relative contribution from major mergers (µ > 0.3) is quite significant, amounting to 71 ± 8% of the total growth probed by this sample. The analysis of Bluck et al. (2012) of the progenitors of mergers involving massive galaxies at higher redshifts (z=1.7-3) lead to a factor 3 in stellar mass growth, with 65% coming from major mergers. López-Sanjuan et al. (2012) find at z < 1 a 75% fraction from µ > 0.25. Our results are fully consistent (see also Tal et al. 2013 ).
CONCLUSIONS
Satellite galaxies in the region of influence of massive galaxies over a wide range of redshifts provide valuable information about the open question regarding the size growth over the past 8-10 Gyr of cosmic history (e.g. Trujillo et al. 2006 Trujillo et al. , 2007 . In this paper we build a sample of massive galaxies from the deep SHARDS dataset. Photometric data from medium band filters allow us both to obtain enough accuracy in the photometric redshift estimates to minimise contamination (|∆z|/(1 + z) ∼ 0.55%, median, confirmed with a spectroscopic sample down to KAB ∼ 24) and to constrain the age of the stellar populations by use of a large volume of synthetic models. The SHARDS sample is robustly complete over the 0.3<z<1.3 redshift range down to 1:20 if all stellar ages are allowed for, or down to 1:100 if we consider that galaxies with the lowest masses will be significantly younger (Fig. 3) .
From the final sample of 238 massive galaxies (Ms 10 11 M⊙), we select those with a nearby companion -at a projected distance ∆r ⊥ 100h −1 70 kpc, and at the same redshift within the Figure 10 . Top: Growth rate of massive galaxies with respect to redshift for the simple case of a fixed (∆t = 2 Gyr) merging timescale. The red crosses (grey circles) correspond to the contribution from the whole sample (only from major mergers, µ > 0.3). The axis on the right gives the expected stellar mass growth between z=1 and z=0 assuming a constant rate. For reference, the points on the left, labelled SDSS, correspond to a nearby sample (z ∼ 0.06) using the Sloan Digital Sky Survey (Ruiz et al. 2014) . Bottom: Same as above, although taking into account the dependence of the merging timescale on projected separation and mass ratio, according to the prescription of Jiang et al. (2014) .
(2 σ) accuracy of the estimates. The fraction of close pairs is consistent with the results in the literature. However, SHARDS is the first survey capable of probing the evolution of the minor merger rate µ > 0.01 out to z ∼ 1, with high completeness. In conjunction with the local estimate of the minor merger fraction from the Sloan Digital Sky Survey (Ruiz et al., in preparation) , we find no significant evolution in the fraction of 1:100 minor merger progenitors out to z < ∼ 1.3 (Fig. 6 ). The ages of the stellar populations show a strong correlation with mass fraction between host and companion, with a significant age difference for the more unequal mass mergers (Fig. 7) . However, this trend is expected from the general mass-age correlation (Fig. 4) , i.e. there is no significant difference between the ages of the companions and the ages of the general population at fixed stellar mass. No significant segregation is observed either when splitting the sample with respect to local density, defined as the number of massive galaxies within a projected distance of 500h −1 70 kpc, and at the same redshift (Fig 8) . We emphasize that since massive galaxies are targeted in this study, our sample probes halos where environmental effects should be maximal at those redshifts. Comparing with the results from groups at lower redshift (see, e.g., van den Bosch et al. 2008) , our data suggest that quenching in lowmass satellites is not a highly efficient mechanism, and may take significantly longer times, comparable with the lookback times of the systems under study (4) (5) (6) (7) (8) .
The contribution from satellites to the growth of massive galaxies is found to originate mainly from a mass ratio µ > ∼ 0.3 (Fig. 9) , with a net increase to the stellar mass between z=1 and 0 of a factor ∼ 1.9, or an average mass growth rate (∆M/M )/∆t ∼ 0.08 ± 0.02 Gyr −1 , which should be taken as an upper limit to the growth via mergers, as this paper assumes that all central-satellite systems will end up as a merging event. A fraction ∼ 71% of this mass growth is in the form of mergers with a mass ratio µ > 0.3. The combination of age and mass difference in the merger progenitors studied here would imply a rejuvenation of massive galaxies < ∼ 1 Gyr over the redshift range probed (Fig. 7) . Hence, we find that the dominant channel of mass growth does not introduce any large variations in the age distribution of the stellar material incorporated at z < ∼ 1. This result is in agreement with the small radial age gradients observed in massive early-type galaxies at moderate redshift (Ferreras et al. 2009a ) and at z < ∼ 0.1 (La Barbera et al. 2011 Barbera et al. , 2012 . The small amount of rejuvenation is also consistent with the lack of an age segregation on the mass-size plane (Trujillo et al. 2011 ).
The observations of merger progenitors over the past 8 Gyr of cosmic time impose strong constraints on models of galaxy formation and evolution. The current "paradigm" seems to converge towards a significant contribution from minor mergers in massive galaxies at z < ∼ 1 (see, e.g. Oser et al. 2012; Lackner et al. 2012; Shankar et al. 2013 ) -mainly finding an explanation to the evolution on the mass-size plane (see, e.g. Naab et al. 2009 ). However, the observations presented here and elsewhere (see, e.g. López-Sanjuan et al. 2011; Bluck et al. 2012 ) suggest a substantial revision of the recipes introduced to describe the "baryon physics" in numerical simulations. 
